A comparative metabolomics analysis of the components of heartwood and sapwood in Taxus chinensis (pilger) Rehd.
Results and Discussion
Metabolic profiling of heartwood and sapwood based on LC-MS/MS. SW and HW were collected from the branch from an approximately 30-year-old of T. chinensis (Pilger) Rehd. The outer wood tissue with a pale yellow color is defined as SW and the central tissue with a red or dark-brown color is characterized as HW ( Fig. 1) . In order to investigate the components of HW and SW in T. chinensis, widely targeted metabolic profiling was performed to analyze the metabolic profiles of HW and SW in T. chinensis by using the Liquid Chromatography-Electrospray Ionization-Mass Spectrometry. Metabolomics data of HW and SW were processed using System Software Analyst (Version 1.6.3). Metabolites were quantitatively analyzed following collection of secondary data using the MRM model, as a result, a total of 607 metabolites were identified in HW and SW, including 52 lipids, 98 organic acids and their derivatives, 43 nucleotides and their derivatives, 132 flavonoids, 55 amino acids and their derivatives, 36 alkaloids, 93 phenylpropanoids, 12 vitamins, 17 terpenes, 21 carbohydrates and 48 others (supplementary file 1). These metabolites are involved in the most of primary and secondary metabolisms. Among these metabolites, the most abundant metabolites are the flavonoids, suggesting the flavonoids play a role in the process of the wood color formation. principal component analysis (pcA) and cluster analysis of HW and SW. In order to investigate the HW and SW metabolic differences and multivariate, mixed samples of the HW and SW were prepared and performed to metabolic profiling using the Liquid Chromatography-Electrospray Ionization-Mass Spectrometry. Principal component analysis (PCA) is used to reveal the differences in metabolic profiles between the HW and SW. In the PCA plot ( Fig. 2A) , the mixed samples grouped together, indicating that the mixed samples had similar metabolic profiles. PCA clearly grouped these samples into distinct clusters, indicating significant differences in metabolites between the HW and SW. Hierarchical cluster analysis (HCA) of the metabolites of the HW and SW was performed. The results of all detected metabolites are shown in a heatmap ( Fig. 2B) , which indicates the significant differences in the relative abundance of metabolites between HW and SW. The metabolite profile of the HW and SW are clearly divided into two main clusters based on the differences in accumulation patterns on the heatmap, suggesting a clear variation in terms of the metabolites abundance in the HW and SW.
Differential metabolite analysis based on partial least squares-discriminant analysis (pLS-DA).
To obtain the metabolic differences between the HW and SW, the PLS-DA models was used to screen differential compounds between two groups of samples ( Fig. 3 ). Moreover, a fold-change score ≥2 or ≤0.5 among the metabolites with a VIP value >1 was used to identify differential metabolites. The screening results have been illustrated using Volcano plots ( Fig. 3) . A total of 313 significant differences of metabolites were identified, of these differential metabolites there were 146 metabolites significantly higher and 167 metabolites significantly lower between the HW and SW (supplementary file 2). The top 30 metabolites that were higher in HW are shown in Table 1 , and among them, 11 flavonoids were found to be significantly different between the HW and SW. These metabolites may be considered to be the representative differential metabolites for the HW and SW, influencing their wood properties especially the wood color.
Metabolic pathway analysis of differential metabolites. To obtain the pathway information of differential metabolites, the differential metabolites between the HW and SW were mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/). The results are shown in Fig. 4 , these differential metabolites are mainly involved in metabolic pathways and biosynthesis of secondary metabolites, such as flavonoids, flavone and flavonol, phenylpropanoids and antibiotics etc. Flavonoids, flavone and flavonol were included in phenylpropanoids, which are a large class of plant secondary metabolites derived from phenylalanine in plants. In addition to flavonoids, it also includes monolignols, phenolic acids, stilbenes, and coumarins [21] [22] [23] . As we know, cellulose, hemicellulose and lignin are the major components of wood, but they do not exhibit color. It has been shown that the wood color is due to the existence of colored extractives contained in the wood. These colored extractives turn into dark color from a pale color by oxidation, polymerization and polymerization with wood main components over time 24 . Previous studies have shown that the extractives of www.nature.com/scientificreports www.nature.com/scientificreports/ some important colored woods were the flavonoids 25, 26 , suggesting that the flavonoid metabolites identified in this study may explain the difference in wood color between the HW and SW in T. chinensis.
Flavonoids identified in HW. Wood color is one of the important properties related to the wood utilization [24] [25] [26] . Flavonoids as the major pigment molecules are widely studied in plants and it has been shown that www.nature.com/scientificreports www.nature.com/scientificreports/ the flavonoids play a crucial role in the formation of wood color [24] [25] [26] . So the flavonoids in HW were selected for further analysis. The results are shown in Table 2 , among 313 differential metabolites, we identified a total of 71 flavonoids and isoflavones, including 28 flavones, 3 anthocyanins, 16 flavonols, 11 flavonoids, 8 flavanones and 5 isoflavones. 42 flavonoids were higher and 29 flavonoids lower in HW compared to SW. Among them, the top 5 metabolites that were higher in HW were C-pentosyl-apigenin O-p-coumaroylhexoside, Ayanin, O-methylChrysoeriol 8-C-hexoside, malvidin 3-O-glucoside and chrysin O-hexoside, but the top 5 metabolites significantrly lower in HW compared to SW were 2′-hydroxydaidzein, 8-C-hexosyl chrysoeriol O-hexoside, cyanidin 3-O-malonylhexoside, isorhamnetin 5-O-hexoside and isorhamnetin 3-O-glucoside. These differential flavonoids metabolites show the difference of components between the HW and SW in T. chinensis, but the mechanism for the difference of components between the HW and SW is currently unknown and needs to be further investigated. Moreover, how these differential metabolites affect the wood color of HW also need to be further investigated. Sample preparation for metabolite profiling. The HW and SW was separated by Tungsten steel knife.
Materials and Methods
The dried HW and SW samples were ground using a mixer mill (MM 400, Retsch). The powder about 100 mg was extracted with 1.0 mL 70% methanol overnight at 4 °C, then the extraction was centrifuged at 10,000 g for 10 min. The extracts were absorbed and filtrated before LC-MS analysis. The mixed samples of the HW and SW as a quality control were prepared according to the above methods.
Liquid chromatographic mass spectrometry. LC-ESI-MS/MS system (HPLC, Shim-pack UFLC SHIMADZU CBM30A system, MS, Applied Biosystems 6500 Q TRAP) were used to analyze the sample extracts. HPLC analyses used Waters ACQUITY UPLC HSS T3 C18 (1.8μm, 2.1 mm*100 mm) column.
solvent system of mobile phase was 0.04% acetic acid in water and 0.04% acetic acid in acetonitrile; the gradient program was as follows: 95:5 V/V at 0 min, 5:95 V/V at 11.0 min, 5:95 V/V at 12.0 min, 95:5 V/V at 12.1 min, 95:5 V/V at 15.0 min; the temperature of the column was 40 °C; the injection volume was 2 μl and the flow rate was 0.4 ml per minute.
The MS parameter was set as described previously 16, 18 . In brief, the temperature of ESI source was 500 °C; the voltage of ion spray was 5500 V; ion source gas I, gas II and curtain gas were set at 55, 60, and 25.0 psi, respectively; the collision gas was set to high. QQQ scans were acquired as MRM experiments with collision gas set to 5 psi. Declustering potential and collision energy for individual MRM transitions was performed with further optimization.
Qualitative and quantitative analysis of metabolites. Based on the MVDB V2.0 Database of Wuhan Maiteville Biotechnology Co., Ltd. (Wuhan, China) and the metabolite information public database [27] [28] [29] [30] [31] , the qualitative analysis was performed according to the secondary spectrum information. The isotopic signal is removed during analysis, including K + , Na + , NH 4 + and other fragment ions of large molecular weight substances. The quantitative analysis of metabolites was based on the MRM mode as described previously 16, 18 . In the MRM mode, the mass spectrum peak of each different color represented a metabolite. The characteristic ions for each metabolite were filtrated through the triple quadrupole mass spectrometer to obtain the signal strengths. Integration of chromatographic peaks was carried out using MultiQuant. In order to ensure the qualitative and quantitative www.nature.com/scientificreports www.nature.com/scientificreports/ accuracy, the mass spectrum peaks detected in different samples of each metabolite were corrected based on retention time and peak type according to the method described by Fraga et al. 32 .
Statistical analysis. Before analysis, the raw metabolic data were normalized by the method described previously 33 , and the normalized data were log 2 transformed before they were used for further analysis. Hierarchical clustering analysis (HCA), principle component analysis (PCA) and partial least squares-discriminant analysis (PLS-DA) have been used to analyze the multivariate and differences of metabolites by soft R (www.r-project. org/) according to the previous study described 34, 35 . Based the results of PLS-DA, a fold-change ≥2 or ≤0.5 among the metabolites with a VIP (variable importance in project) value >1 was used to identify differential metabolites. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate the differential metabolites and analyze metabolic pathways 36 . conclusions Wood color is one of the important factors related to wood property. It is critical to understand the chemical compositions that determine the wood color formation. The HW of T. chinensis has high commercial value for its purple red brown color and texture density. To the best of our knowledge, the difference of components between the HW and SW in T. chinensis have not been previously investigated. In this study, the components of the HW and SW in T. chinensis have been analyzed using widely targeted metabolic profiling. A total of 607 metabolites were detected in HW and SW. Among them, 146 metabolites were found significantly higher and 167 metabolites significantly lower in HW as compared to SW. These differential metabolites were mainly involved in metabolic pathways and biosynthesis of secondary metabolites, such as flavonoids, flavone and flavonol, phenylpropanoids and antibiotics. Moreover, the flavonoids in HW associated with wood color were identified. The results provide insight into the metabolites associated with wood color formation and may be useful for understanding the metabolites associated with wood quality.
